Phylogeny of the Yponomeuta species (Lepidoptera, Yponomeutidae) and the history of their host plant associations Ulenberg, S.A.
Introduction
The study of speciation mechanisms as a means to gain a better understanding of the origins of biological diversity has always been a key area in biological research. Recently, the role of ecological specialisation has received considerable attention. Good theoretical (Dieckmann & Doebeli 1999 One of the model systems developed for this purpose is the genus Yponomeuta Latreille, 1796 and its host relations. Since the 1970s many multidisciplinary studies have been dedicated to the associations between Yponomeuta species and their host plants. The main objectives of studying this model were to obtain insights into the evolution of the host relations, and the speciation processes that have led to the present-day associations ( (1998) "These studies were based on the working hypothesis that the present-day host plant associations evolved from an ancestral relation with Celastraceae through speciation in allopatry mostly on Euonymus and through host shifts in sympatry or allopatry to mainly Rosaceae, following the scenario of host race formation (Bush 1975 )". In the present paper the validity of this working hypothesis is tested by analysing the most probable sequence of the evolutionary changes in the host plant associations of Yponomeuta based on their species phylogeny.
Yponomeuta's distribution and host plant associations
The species of the genus Yponomeuta are phytophagous and have a wide, mainly palaearctic, distribution. The genus is represented in all major eco regions except South America and Antarctica. Host-associations are known for 39 of the 76 species. Of the 39 Yponomeuta species with a known host-association, 32 are mono-or oligophagous within one genus of trees or shrubs. Of those 32, 27 species feed on Celastraceae genera, of which 22 exclusively feed on species of the genus Euonymus. The Yponomeuta species that do not use Celastraceae as their host plant feed on Crassulaceae, Rosaceae, Rhamnaceae, or Salicaceae (see Gershenson & Ulenberg 1998) .
Classification of the Yponomeutidae
The systematic position of the (sub)families within the superfamily Yponomeutoidea was open to discussion until recently and differently treated by systematists, according to the historical review in Gershenson & Ulenberg's (1998) book on the Yponomeutinae. No general consensus exists regarding the ranks of the higher taxa in Yponomeutidae. Some authors (Kyrki 1990; Moriuti 1977) lowered the position of what was formerly regarded as a well-defined family, the Yponomeutidae, to the level of subfamily. Kyrki (1984) discussed the different classifications of earlier authors and in his paper published in 1990 tentatively reclassified the Holarctic Yponomeutoidea, its families and subfamilies based on what he regarded as apomorphies. Kyrki's reclassification was followed by Scoble (1992) and Dugdale et al. (1998) in their treatment of the Yponomeutoidea. Heppner (1998) , in his general classification of Lepidoptera, summarized the characters defining Yponomeutidae. However, though he recognized three subfamilies (viz. Yponomeutinae, Saridoscelinae and Cedestinae), he did not treat these in detail. Neither of them published on the phylogeny of the groups within the Yponomeutidae.
Material and Methods
The subfamilies of the Yponomeutidae and the genera of the Yponomeutinae were analysed cladistically to determine the sister group of Yponomeuta and the history of the host plant associations within the Yponomeutinae leading to those in Yponomeuta.
The subfamilies of the Yponomeutidae
The relationship between the subfamilies of the Yponomeutidae has been investigated largely based on the characters given by Kyrki (1990) . One character state was changed, viz., the number of segments of the maxillary palp in the Yponomeutinae. Kyrki gives the number as four. According to the observations of Gershenson & Ulenberg (1998) the number of segments in this subfamily is less than four, as they did not count the protuberance of the stipes as basal maxillary segment (see also Moriuti 1977; Dugdale et al. 1998 ). Heppner (1998: 51) mentioned 1-2 for the family Yponomeutidae (Yponomeutinae, Saridoscelinae, Cedestinae). For a description of the characters and the matrix, see Table 1 . In the analysis an all-zero outgroup, with zero as plesiomorphic state, was incorporated based on Kyrki's opinion on plesio-and apomorphies of the subfamilies. This hypothetical ancestor is chosen as outgroup because the group most related to the Yponomeutidae is unknown. In this and the following analyses, PAUP* 4.0b10 (Swofford 2003) was used, all characters were unordered and of equal weight. An exhaustive search was made for the most parsimonious tree.
The genera of the Yponomeutinae
The phylogenetic relationships of the yponomeutine genera was examined utilizing a maximum parsimony analysis of the type species of the genera in the subfamily. The search was heuristic. The characters of the type species were taken from the literature, viz., Diakonoff (1967) , Friese (1960) , Gates Clarke (1965), Gershenson (1974 Gershenson ( , 1990 As the literature did not give sufficient insight in their characters, neither of other species classified in these four genera, they were not incorporated in the analysis. Saridoscelis sphenias Meyrick, 1894, the type species of the only genus classified in the Saridoscelinae, the Yponomeutinae's presumed sister group, served as outgroup. For a description of the characters and the matrix, see Table 2a and 2b. A heuristic search for the most parsimonious tree was performed with PAUP* 4.0b10 (Swofford 2003), all characters were unordered and of equal weight. Starting trees were obtained via stepwise addition with random sequence. The number of replicates was one million. The branch-swapping algorithm was tree-bisection-reconnection (TBR).
The species of Yponomeuta
The phylogeny of the Yponomeuta species treated in Gershenson & Ulenberg (1998) For a description of the characters and the matrix see Table 3a and 3b. Yponomeuta's apomorphies -the characters 9, 26, 34, 41, 52 and 61 of Table 2a and 2b, the shape of the forewings; a spined, rectangular gnathos; a quadrate shaped uncus; the shape of the saccus; the number of cornuti -were incorporated in the analyses to support the genus' monophyly. 
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Illustrations of the characters are given in Figure 1 and can be found in Gershenson & Ulenberg (1998) . As their study does not treat the characters of the American species Y. multipunctellus, they are depicted here (see Fig. 2 ). A heuristic search was done with PAUP* 4.0b10 (Swofford 2003) for the most parsimonious trees, all characters were unordered and of equal weight. Starting trees were obtained via stepwise addition with simple addition sequence. The total number of rearrangements tried was 459544184. The branchswapping algorithm was TBR.
Results
The phylogeny of the subfamilies of the Yponomeutidae PAUP* found six most parsimonious trees of length 20. The 50% Majority-rule consensus of the six trees is shown in Fig. 3 . The Yponomeutinae and the Saridoscelinae came out of the analysis as each other's most closely related groups. Both subfamilies have scales and spines on the abdominal tergites (ch. 4), a basal scape on the aedeagus (ch. 6) and a bulged ventral margin of the mandible in the larvae (ch. 10).
The phylogeny of the genera of the Yponomeutinae PAUP* found 91 most parsimonious trees of length 341. The 50% Majority-rule consensus of the 91 trees is shown in Fig. 4 . The monophyly of the Yponomeutinae is supported by equally sclerotized 7 th and 8 th tergites (ch 76, state 2) in all genera.
In Table 4 Table 5 ). That means that presumably many Yponomeuta species occur in sympatry with each other.
The distribution pattern as shown by the cladogram (Fig. 5 
Majority rule consensus tree of 91 trees of the genera of the Yponomeutinae using PAUP 4.0b10, for the parsimony settings see text, for the characters see Table 2a and 2b. Numbers on the branches are frequencies of the clades in the set of most parsimonious trees. Also indicated are the host plant families (see Table 4 ). 
Discussion
Cladistic analysis of the Yponomeuta species was hampered by the low number of morphological characters. This is not surprising, Yponomeuta has many sibling species. On top of that the characters prove to express insufficient phylogenetic information resulting in a high number of homoplasies and subsequently in thousands of trees. Therefore, the results of the cladistic analysis had to be summarized in a 50% Majority Rule Consensus Tree. The conclusions based on these trees can therefore only be tentative. A molecular phylogeny of a part of the species treated here has been constructed which solves some of the polytomies (Turner et al. in prep.). The hypothesis that the present-day host plant associations evolved from an ancestral relation with Celastraceae through speciation mostly on Euonymus species is supported by the present study. Whether speciation of the Yponomeuta species feeding on different plant species and families occurred in sympatry rather than in allopatry cannot be inferred from the cladograms. Most of these species, though, are sympatric and closely related, clustered in the same clade (Fig. 5 ). This sympatry can be secondary. Speciation can have followed the way suggested by Janz & Nylin (2008) in their paper on oscillation of host plant range and speciation: a specialist expands its host, may or may not expand its geographical distribution, gets adapted to the local circumstances, speciates and specialises. This scenario covers sympatric as well as allopatric speciation.
Many of the different Yponomeuta species feeding on the same host plant are distributed in the same area and are presumably sympatric as well. Also these species could have evolved in allopatry, perhaps even on different host plants and have become secondary sympatric, shifting host plant to the present one. Characters 01. Adult head: antennal scape: with pecten (0), without pecten (1) 02. Adult head: maxillary palp: 4 segments (0), less than 4 segments (1) 03. Adult thorax: pterostigma from Sc: to R2 or R3 (0), to R1 (1) 04. Adult abdomen: tergites: with normal scales (0), with scales and spines (specialized scales) (1) 05. Adult abdomen: 8 th abd. sternite: sclerotized as the 7 th (0), more strongly sclerotized than the 7 th (1) 06. Male genitalia: aedeagus: without basal scape (0), with basal scape (1) 07. Male genitalia: teguminal processes: unscaled (0), with specialized scales (1) 08. Larva head : cranial seta P1: below Af2-P2 line (0), on line with or higher than Af2-P2 (1) 09. Larva head: cranial seta V1: short (0), long (1) 10. Larva head: ventral margin of mandible: evenly arched (0), bulged (1) 11. Larva head: antennal segments 3 + 4: shorter than segments 1 + 2 (0), longer than segments 1 + 2 (1) 12. Larva abdomen: crochets: uniserial (0), bi-or multiserial (1) 13. Larva feeding: exophagous, often in web (0) 03 . Adult head: scales appressed on crown (1), scales not appressed on crown (2) 04. Adult head: proboscis: vestigial (1), developed (2) 05. Adult head: maxillary palpus: 1-segmented (1), 3-segmented (2) 06. Adult head: labial palpus: 2nd segment broadened (1), 2nd segment not broadened (2) 07. Adult thorax: with large patagia covering tegulae (see Fig 164-166 in Moriuti 1977) (1), with small patagia not covering tegulae (2) 08. Adult thorax: forewing shape: elongate (1), elongate-ovate (2), lanceolate (3) 09. Adult thorax: forewings: length < 3.5 times width (1), length > 3.5 times width (2) 10. Adult thorax: forewing: M3 + Cu1 fused (1), M3 + Cu1 separated (2) 11. Adult thorax: forewing: A1+2 basal fork abbreviated (1), A1+2 basal fork not abbreviated (2), A1+2 without basal fork (3) 12. Adult thorax: forewing: R2 and R1 fused, R4 and R5 stalked, M1 and M2 fused (1), all veins separated (2) 13. Adult thorax: forewing: R1 strongly bent at base (1), R1 straight (2) 14. Adult thorax: forewing : with oblique termen (1), termen not oblique (2) 15. Adult thorax: forewing: with accessory cell (1), without accessory cell (2) 16. Adult thorax: forewing with transverse banded pattern (1), without (2) 17. Adult thorax: forewing monochrome (1), not monochrome (2) 18. Adult thorax: forewing with distinct dots (1), without (2) 19. Adult thorax: hindwing shape: lanceolate (1), elongate (2), elongate-ovate (3), ovate-lanceolate (4) 20. Adult thorax: hindwing: Cu1 and Cu2 stalked (1), Cu1 and Cu2 separated (2) 21. Adult thorax: hindwing: Sc and R1 entirely fused (1), Sc and R1 not entirely fused (2) 22. Adult thorax: hindwing: M3 and Cu1 short-stalked (1), M3 and Cu1 widely remoted (2), M3 and Cu1 fused (3) 23. Male genitalia: gnathos: wider than high (1), as wide as high (2) 24. Male genitalia: gnathos: well developed (1), obsolete (2) 25. Male genitalia: gnathos: dilated anteriorly (1), not dilated anteriorly (2) 26. Male genitalia: gnathos: densely spined (1), without spines (2) 27. Male genitalia: gnathos: with granules (1), without granules (2) 28. Male genitalia: gnathos: arms long (1), arms rudimentary (2), arms short (3), without arms (4) 29. Male genitalia: gnathos: with ventral plate (1), without ventral plate (2) 30. Male genitalia: gnathos: ventral plate fused with membrane of tuba analis (1), ventral plate not fused with membrane of tuba analis (2) 31. Male genitalia: gnathos: ventral plate large (1), ventral plate small (2) 32. Male genitalia: gnathos: ventral plate membranous (1), ventral plate not membranous (2) 33. Male genitalia: gnathos: ventral plate with paired processes (1), ventral plate without paired processes (2) 34. Male genitalia: gnathos: ventral plate tongue-shaped (1), ventral plate half circular (2), ventral plate spatulate (3), ventral plate rectangular (4), ventral plate triangular (5), ventral plate cylindrical (6) 35. Male genitalia: socii: pointed apically (1), not pointed apically (2) 36. Male genitalia: socii: with 1 tooth (1), with 2 teeth (2), with 3-4 teeth (3), without teeth (4) 37. Male genitalia: socii: with one or more lateral spines (1), without lateral spines (2) 38. Male genitalia: socii: covered with dense long hairs (1), without such hairs (2) 39. Male genitalia: socii: slender (1), as membranous lobes (2) Saridoscelis sphenias Meyrick, 1894 2 2 2 2 2 2 2 2 1 2 2 2 2 1 2 Banghaasia ildefonsella Friese, 1960 2 2 ? 1 1 ? ? 1 2 1 ? 2 ? ? ? Cedestis farinatella (Duponchel, 1838) 2 2 2 1 2 2 ? 3 2 1 3 2 2 2 2 Euhyponomeuta stannellus (Thunberg, 1788) 2 2 2 2 1 2 ? 2 1 2 3 2 2 1 2 Euhyponomeutoides albithoracellus Gaj, 1954 2 2 2 2 2 2 2 1 2 2 1 2 2 1 1 Eumonopyta unicornis Moriuti, 1977 2 2 2 2 ? 2 2 2 2 2 1 2 2 1 2 Kessleria zimmermanni Nowicki, 1864 2 2 2 2 1 2 2 3 2 2 1 2 2 2 2 Klausius minor Moriuti, 1977 2 2 2 2 ? 2 2 1 2 2 1 2 2 1 2 Lampresthia lucella Moriuti, 1977 2 2 1 2 ? 2 2 2 2 1 1 2 2 1 2 Metanomeuta fulvicrinis Meyrick, 1935 2 2 2 2 ? 2 2 1 2 1 1 2 2 1 2 Niphonympha dealbatella (Zeller, 1847) 2 2 2 2 2 2 2 2 1 2 2 2 1 1 2 Ocnerostoma piniariellum Zeller, 1847 2 2 2 1 1 2 2 3 1 1 1 1 2 2 2 Orencostoma bicornigerum Moriuti, 1971
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? 2 2 2 1 2 1 1 1 2 2 1 1 4 4 1 3 Y. catharotis Meyrick, 1935 ? 2 1 1 1 2 2 1 1 2 1 1 1 4 4 1 3 Y. cinefactus Meyrick, 1935 ? 1 1 2 1 2 2 1 2 2 1 1 ? 2 1 2 1 2 1 2 1 2 1 1 1 4 4 1 3 Y. javanellus Gershenson & Ulenberg, 1998 (/) ? 1 1 1 1 2 2 2 2 2 2 1 ? ? ? ? ? Y. kanaiellus Matsumura, 1931 ? 1 3 1 1 2 2 2 2 2 2 1 1 4 4 1 3 Y. kostjuki Gershenson, 1985 (/) ? 1 3 2 1 2 2 2 1 2 1 1 ? ? ? ? ?
Y. leucophaeus Gershenson & Ulenberg (/)
? 1 1 2 1 2 2 2 1 2 1 1 ? ? ? ? ? Y. mahalebellus Guenée, 1845
? 2 2 2 1 2 1 1 1 2 2 1 1 4 4 1 3 Y. malinellus Zeller, 1838
? 2 2 2 1 2 1 1 2 2 2 1 1 4 4 1 3 Y. mayumivorellus Matsumura, 1931
? 1 1 2 1 2 2 1 1 2 1 1 1 4 4 1 3 Y. meguronis Matsumura, 1931
? 1 2 1 1 2 2 1 2 2 2 1 1 4 4 1 3 Y. menkeni Gershenson & Ulenberg (?) ? ? ? ? ? ? ? ? ? ? ? 1 1 4 4 1 3 Y. meraculus Bradley, 1962 2 1 1 2 1 2 2 1 2 2 2 1 1 4 4 1 3 Y. meridionalis Gershenson, 1972 ? 2 1 2 1 2 1 1 2 2 2 1 1 4 4 1 3 Y. minipunctatus Gershenson ? 2 2 2 1 2 1 1 2 2 2 1 1 4 4 1 3 Y. paradoxus Gershenson, 1979 (/) ? 2 1 2 1 2 1 1 1 2 1 1 ? ? ? ? ? Y. parvipunctus Gershenson & Ulenberg, 1998 (/) 2 1 1 2 1 1 2 1 1 1 1 1 ? ? ? ? ? Y. pauciflore Efremov, 1969 ? 1 1 2 1 2 2 2 1 2 2 1 1 4 4 1 3 Y. paurodes Meyrick, 1907 1 1 3 2 1 2 2 1 2 2 2 1 1 4 4 1 3 Y. plumbellus (Denis & Schiffermüller, 1775)
? 1 2 2 1 2 2 2 2 2 2 1 1 4 4 1 3 Y. polystictus Butler, 1879
? 1 1 2 1 2 2 1 2 2 2 1 1 4 4 1 3 Y. polystigmellus C. et R. Felder, 1862
? 1 1 2 1 2 2 1 1 2 2 1 1 4 4 1 3 Y. pseudostrigillatus Gershenson & Ulenberg, 1998 1 1 1 2 2 2 2 2 1 1 2 1 1 4 4 1 3 Y. pustulellus Walker, 1863 1 2 1 2 1 2 2 1 1 2 1 1 1 4 4 1 3 Y. refrigeratus Meyrick, 1931 ? 2 1 2 1 2 1 1 1 2 1 1 1 4 4 1 3 Y. rhamnellus Gershenson, 1974 (?) ? ? 1 1 2 1 2 2 1 2 2 2 1 1 4 4 1 3 Y. spodocrossus Meyrick, 1935 ? 1 1 1 1 2 2 1 1 2 2 1 1 4 4 1 3 Y. strigillatus Zeller, 1852 1 1 2 2 1 1 2 2 2 2 2 1 1 4 4 1 3 Y. subplumbellus Walsingham, 1881 1 1 1 2 1 2 2 2 1 2 2 1 1 4 4 1 3 Y. tokyonellus Matsumura, 1931 ? 1 3 2 1 1 2 2 1 2 1 1 1 4 4 1 3 Y. yanagawanus Matsumura, 1931 ? 1 1 2 1 2 2 2 1 2 2 1 1 4 4 1 3 Y. zagulajevi Gershenson, 1977 (/)
? 1 2 2 1 2 2 2 1 2 2 1 ? ? ? ? ? 
